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Purpose: Contrast gain signatures of inferred magnocellular and parvocellular postreceptoral pathways
were assessed for patients with glaucoma using a contrast discrimination paradigm developed by Pok-
orny and Smith. The potential causes for changes in contrast gain signature were investigated using
model simulations of ganglion cell contrast responses.
Methods: Foveal contrast discrimination thresholds were measured with a pedestal-D-pedestal paradigm
developed by Pokorny and Smith [Pokorny, J., & Smith, V. C. (1997). Psychophysical signatures associated
with magnocellular and parvocellular pathway contrast gain. Journal of the Optical Society of America A,
14(9), 2477–2486]. Stimuli were 27 ms luminance increments superimposed on 227 ms pulsed D-pedes-
tals. Contrast thresholds and contrast gain signatures mediated by the inferred magnocellular (MC) and
parvocellular (PC) pathways were assessed using linear ﬁts to contrast discrimination thresholds at either
lower or higher D-pedestal contrasts, respectively. Twenty-seven patients with glaucoma were tested, as
well as 16 age-similar control subjects free of eye disease.
Results: Contrast sensitivity and contrast gain signature mediated by the inferred MC pathway were lower
for the glaucoma group, and reduced contrast gain signature was correlated with reduced contrast sen-
sitivity (r2 = 45%, p < .0005). These two parameters mediated by the inferred PC pathway were little
affected for the glaucoma group. Model simulations suggest that the reduced contrast sensitivity and
contrast gain signature were consistent with the hypothesis that reduced MC ganglion cell dendritic com-
plexity can lead to reduced effective retinal illuminance, and hence increased semi-saturation contrast of
the ganglion cell contrast response functions.
Conclusions: The contrast sensitivity and contrast gain signature of the inferred MC pathway were
reduced in patients with glaucoma. The results were consistent with a model of ganglion cell dysfunction
due to reduced synaptic density.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Glaucoma is one of the leading causes of blindness worldwide.
The diagnosis of glaucoma is primarily based on the clinical assess-
ment of the optic nerve head and surrounding structures, and
examination of the visual ﬁeld (perimetry). Compared to the optic
disc evaluation, perimetry actually measures visual function, and
therefore is particularly important in following and assessing the
effect of glaucoma treatment.
Functional defects observed in perimetric tests manifest as de-
creased contrast sensitivity, e.g., decreased sensitivity to lumi-
nance increments as in conventional perimetry, or decreased
sensitivity to contrast modulation as in frequency-doubling perim-ll rights reserved.etry. Decreased contrast sensitivity has been associated with reti-
nal ganglion cell death (Harwerth et al., 2002; Kerrigan-
Baumrind, Quigley, Pease, Kerrigan, & Mitchell, 2000), but many
authors have also argued that retinal ganglion cell dysfunction
can also cause reduced contrast sensitivity (Greve, Dake, & Verdu-
in, 1977; Katz, Spaeth, Cantor, Poryzees, & Steinmann, 1989; Spa-
eth, 1985; Tsai, Shin, Wan, & Zeiter, 1991; Tytla, Trope, & Buncic,
1990; Ventura & Porciatti, 2005). Anatomical and functional stud-
ies show that, in primates with induced glaucoma, magnocellular
(MC) ganglion cells can have reduced synaptic density and respon-
siveness before cell death (Weber & Harman, 2005; Weber, Kauf-
man, & Hubbard, 1998). Reduction in the thickness and
complexity of the MC cell dendritic arbor may cause changes sim-
ilar to reduced effective retinal illuminance, resulting in decreased
contrast gain (Graham & Hood, 1992). If dysfunction of retinal gan-
glion cells occurs in people with glaucoma, it may be detected by
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of retinal ganglion cells.
Recently Pokorny and Smith developed a psychophysical tech-
nique to assess the ‘‘contrast gain signatures” of both inferred
MC and inferred parvocellular (PC) pathways (Pokorny & Smith,
1997; Smith, Sun, & Pokorny, 2001). They analyzed data from
three paradigms: (1) steady-pedestal paradigm: four squares
were continuously presented against a uniform ﬁeld, and during
a trial the luminance of one square changed; (2) pulsed-pedestal
paradigm: four squares were brieﬂy pulsed on during a trial with
the test square differing in luminance from the other three; (3)
pedestal-D-pedestal paradigm: four squares were continuously
presented against a uniform background, and during a trial, all
four squares changed in luminance with the test square differing
in luminance from the other three. The steady-pedestal and
pulsed-pedestal paradigms measure discrimination threshold
mediated by the inferred MC and PC pathways, respectively;
the pedestal-D-pedestal and pulsed-pedestal paradigms can be
used to assess the contrast gain signature of the inferred MC
and PC pathways.
McKendrick, Badcock, and Morgan (2004) have used the steady-
pedestal and pulsed-pedestal paradigms to assess defects in the in-
ferred MC and PC pathways in glaucoma observers, and Alexander
and colleagues (Alexander, Barnes, Fishman, Pokorny, & Smith,
2004a, 2004b; Alexander, Pokorny, Smith, Fishman, & Barnes,
2001) used these two paradigms in other ocular diseases to evaluate
performance mediated by the inferred PC and MC pathways. These
studies emphasized comparison of relative sensitivities of the in-
ferred MC and PC pathways rather than estimating their contrast
gain signatures.
In this study the pedestal-D-pedestal paradigm was employed
to assess contrast gain signatures of the inferred MC and PC path-
ways and to test the prediction that ganglion cell dysfunction
(such as reduced synaptic density) may cause reduced contrast
gain signatures in people with glaucoma. The results showed that
contrast sensitivity and contrast gain signature mediated by the
inferred MC pathway were indeed reduced in the glaucoma
group.2. Methods
2.1. Subjects
Twenty-seven patients with early to advanced glaucoma (age: 44–70 years
(yrs); mean ± 1SD = 59 ± 8 yrs), 16 control subjects of similar ages (45–70 yrs;
mean ± 1SD = 56 ± 8 yrs), and 13 young control subjects (22–33 yrs; mean ± 1-
SD = 25 ± 3 yrs) were recruited. All patients were previously diagnosed with glau-
coma by an experienced clinician (MWD, one of the authors. See Table 1 for age
and clinical measures). All observers in the glaucoma group showed consecutive,
repeatable abnormal defects on Conventional Automated Perimetry (CAP) that were
consistent with glaucoma, and were considered stable with quarterly or more fre-
quent monitoring for several years. Both glaucoma and control observers were re-
quired to have visual acuity of 20/30 or better, refractive errors of less than ±6D of
sphere and 3D of cylinder, clear ocular media, no systemic disorder or medication
known to affect visual function, and no eye disease (other than glaucoma). One
eye was tested per observer. The chosen eye was usually the one with better visual
acuity, or in the case of a glaucoma observer, the one with less severe visual ﬁeld
loss. This study followed the tenets of the Declaration of Helsinki. Written informed
consent was obtained from all observers after the nature and possible consequences
of the study were explained. This research was approved by the Institutional Re-
view Board of the SUNY State College of Optometry. Financial compensation was gi-
ven to subjects for their travel expenses and time.
2.2. Apparatus and stimulus
The stimuli were generated on a VSG 2/5 stimulus generator (Cambridge Re-
search Systems Ltd., Rochester, United Kingdom) that was controlled by a Dell com-
puter, and were presented on a Sony Trinitron monitor (GDM-F500) with a
framerate of 150 Hz. The mean luminance of the Sony display was measured using
a Minolta LS-100 luminance meter (Konica Minolta Sensing Inc., Osaka, Japan), and
the luminance vs. voltage functions for the three phosphors were calibrated usingthe OptiCal Photometer (Cambridge Research Systems Ltd., Rochester, United King-
dom). The stimulus duration was veriﬁed using a photodetector head connected to
a Hitachi VC-6025 digital storage oscilloscope.
The stimulus was a modiﬁed version of the Pokorny–Smith pedestal-D-pedes-
tal stimulus (Fig. 1). Similar to the Pokorny–Smith pedestal-D-pedestal stimulus,
it consisted of four 1 deg1 deg squares, separated by a 9-arc min (0.15 deg) gap,
presented foveally with the aid of a ﬁxation cross against a uniform background.
Each 1 deg  1 deg square had an area between that of Goldmann sizes IV
(0.6 deg2) and V (2.3 deg2). The luminance of the background was 30 cd/m2,
and the initial luminance of each square was 0.2 log unit higher than the back-
ground (47.5 cd/m2). In the Pokorny–Smith pedestal-D-pedestal paradigm, during
a trial the ﬁxation cross disappeared and all four squares changed in luminance,
either as an increment or a decrement, for a ﬁxed pulse duration with the test
square differing in luminance from the other three. The observer’s task was to
indicate which of the four squares looked different from the other three. Many
of our subjects found this task too difﬁcult to perform, stating that they could
tell that one square was brighter than the rest but the ﬂash was too brief to de-
cide which one.
In our experiment, the stimulus was modiﬁed so that during each trial, the
luminance of three squares was increased by a ﬁxed D-pedestal level DLPed
(47.5  10DLPed cd/m2) for longer period, 227 ms (34 frames). The test square, which
was randomly chosen, contained an additional luminance increment, LStim
(47.5  10DLPed + LStim cd/m2), for the ﬁrst 27 ms (4 frames), and then returned to
the same luminance level as the other squares (47.5  10DLPed cd/m2) for the remain-
ing 200 ms (30 frames). Subjects found this much easier to perform. As shown in
the results section, this modiﬁcation does not reduce the effectiveness of the para-
digm in probing different postreceptoral pathways.
2.3. Procedures
Observers pressed buttons on a four-button response box to initiate an experi-
mental session and give responses. During each trial, the observer was asked to
identify the position of the square that had an extra luminance increment by press-
ing the corresponding button on the response box. By giving an answer, the obser-
ver also initiated the next trial. The tasks were performed monocularly with the
other eye patched, and only one eye was tested per participant. The pupil size
was not controlled besides the fact that no glaucoma observer in our sample took
medications that could affect the pupil size. The pupil size measured on a Hum-
phrey Field Analyzer averaged 5.3 ± 1.1 mm for the glaucoma group and
5.4 ± 1.1 mm for the age-similar controls.
Contrast discrimination thresholds were measured by varying the luminance
increment of the test square LStim with a 2-down-1-up, 4-alternative forced-choice
staircase procedure. LStim began above threshold (if below threshold, the trial was
terminated and a new staircase was started at a higher contrast). The initial step
size was 0.3 log unit, and step size was reduced to 0.15 log unit after the ﬁrst rever-
sal and to 0.075 log unit after the second reversal. The staircase was terminated
after 13 reversals, and threshold was calculated as the mean of the last 10 reversals
at the smallest step size. The participant was asked to perform 1 or 2 staircases for
each D-pedestal level DLPed (2 staircases each for DLPed = 0.00, 0.03, 0.06, 0.09 log
unit, and 1 staircase each for DLPed = 0.12, 0.20, 0.30 log unit). The D-pedestal level
DLPed was ﬁxed for each experimental session, and was varied in a pseudo-random
order across 0.00–0.30 log unit from one session to the next.
As a control, a full set of contrast discrimination thresholds was collected from
one young normal observer using all three Pokorny–Smith paradigms: steady-ped-
estal, pulsed-pedestal, and pedestal-D-pedestal paradigms. This was to ensure that
the contrast discrimination thresholds for the modiﬁed stimuli showed similar
characteristics as those in Pokorny and Smith (1997).2.4. Data analysis and model predictions
Ganglion cell contrast response functions for the MC pathway and PC pathway
(Fig. 2a) can be described by the conventional Michaelis–Menten function:
R ¼ R0 þ Rmax CCsat þ C ð1Þ
where R represents a cell’s response amplitude in impulses per second; R0 represents
a cell’s spontaneous ﬁring rate; Rmax represents a cell’s maximal response amplitude;
C represents the stimulus contrast; and Csat is a semi-saturation constant, i.e., the
stimulus contrast at which a cell’s response reaches half of Rmax. Contrast gain is de-
ﬁned as Rmax/Csat, which is the rate of increase in response with contrast, at low con-
trast levels.
The contrast discrimination function (Fig. 2b) can be derived from Eq. (1), as
shown by Pokorny and Smith (1997):
DC ¼ k d
Rmax
ðCsat þ CÞ2
Csat  dRmax ðCsat þ CÞ
ð2Þ
where DC represents the contrast discrimination threshold, d represents the thresh-
old criterion, and C, Rmax and Csat have the same meaning as in Eq. (1). The constant k
is a scaling factor used to account for cortical processing.
Table 1
Glaucoma observer information: ID number, age (59 ± 8), diagnosis, distance refractive error, visual acuity, Pelli–Robson contrast sensitivity (1.55 ± 0.14), MD (5.56 ± 6.01) and
PSD (5.65 ± 4.44) of the SITA 24-2 test from Peridata, MD (5.56 ± 6.01) and PSD (5.65 ± 4.44) of the four central points near the macula from the SITA 24-2 test
ID Age Diagnosis Refractive error Visual acuity Pelli–Robson MD PSD MD central PSD central
1 44 POAG +0.75 20/20 1.50 14.78 11.91 24.1 15.0
2 68 POAG 2.75 20/20 1.50 12.96 12.89 15.8 16.5
3 59 POAG +2.25  1.0  180 20/36 1.05 9.32 6.76 11.8 13.5
4 62 POAG +0.25 20/22 1.50 12.77 11.98 9.3 14.9
5 70 POAG PL 20/20 1.60 12.70 11.68 8.3 15.5
6 57 POAG +1.0  1.0  90 20/20 1.50 3.15 5.16 6.3 9.2
7 70 POAG +4.75 20/25 1.50 10.73 6.98 6.1 1.3
8 70 NTG +2.5  0.75  90 20/25 1.45 5.41 4.59 6.1 7.7
9 59 POAG +0.75  0.75  90 20/22 1.65 4.01 2.48 5.1 1.3
10 49 POAG 1.5 20/20 1.50 26.45 8.92 4.8 7.9
11 64 POAG 0.0  1.0  135 20/20 1.65 7.09 5.02 3.8 1.3
12 55 NTG +1.75  1.00  90 20/20 1.50 6.43 6.24 3.6 0.8
13 67 POAG +1.25  1.25  85 20/16 1.55 11.54 8.37 3.6 1.4
14 53 POAG 5.5  0.5  175 20/30 1.45 5.35 3.05 2.8 4.0
15 68 MXMG +1.00  1.00  90 20/32 1.45 9.94 8.63 2.1 1.7
16 44 POAG 1.50 20/16 1.65 5.76 6.28 1.8 2.5
17 65 MXMG +3.0  1.0  15 20/36 1.50 1.14 1.67 1.6 0.0
18 52 POAG 1.50  1.50  70 20/20 1.65 3.20 2.47 1.3 2.1
19 59 POAG PL 20/16 1.65 6.08 3.53 1.1 1.3
20 52 POAG 3.75 20/20 1.65 7.29 5.09 0.4 1.4
21 62 POAG 3.0 20/20 1.65 0.22 1.47 0.7 0.5
22 67 POAG 0.0  1.0  60 20/25 1.25 2.11 1.30 0.7 1.3
23 58 POAG +1.25  1.0  90 20/20 1.65 1.38 2.17 1.4 0.8
24 56 POAG +3.0 20/14 1.65 0.71 1.23 1.4 0.8
25 48 POAG PL 20/20 1.75 0.16 1.18 1.7 1.3
26 56 POAG +2.5  0.75  95 20/16 1.65 1.13 2.11 2.2 1.7
27 57 POAG +0.75  0.5  70 20/20 1.65 0.25 1.76 2.4 1.8
POAG, primary open angle glaucoma; MXMG, mixed mechanism glaucoma; NTG, normal tension glaucoma.
Fig. 1. Stimulus conﬁguration. The stimulus was a modiﬁed version of the Pokor-
ny–Smith pedestal-D-pedestal stimulus. It consisted of four 1 deg  1 deg squares.
During each trial, the luminance of three squares were increased by a ﬁxed amount
for 227 ms, and for the test square the luminance was increased to a higher level for
the ﬁrst 27 ms before it was set at the same luminance level as the other three. The
observer’s task was to indicate which one of the four squares was brighter than the
other three.
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Rmax = 65 and Csat = 0.13 for MC cells, and Rmax = 45 and Csat = 1.74 for PC cells. These
parameters were based on published data from primate LGN cells (Kaplan & Shap-
ley, 1986). Threshold criterion d is set at 10 impulses/s as in Pokorny and Smith. For
a 27 ms test ﬂash, this d value gives an average increase of 0.27 spikes per ganglion
cell for any given trial, and is consistent with pooling of a number of ganglion cell
responses by central cortical detectors.
Contrast discrimination functions derived from the contrast response functions
for the MC and PC pathways are shown in Fig. 2b. For the MC pathway contrast dis-crimination threshold increases rapidly with pedestal contrast, while for the PC
pathway it increases much more slowly. If the most sensitive pathway mediates
the contrast discrimination task, the contrast discrimination thresholds should be
mediated by the MC pathway at lower pedestal contrast (DLPed) levels and by the
PC pathway at higher pedestal contrast levels (Pokorny & Smith, 1997; Smith
et al., 2001).
Pokorny and Smith applied this analysis to the steady-pedestal, pulsed-ped-
estal, and pedestal-D-pedestal paradigms (Fig. 3). They argued that the steady-
pedestal thresholds are mediated by the MC pathway, and the pulsed-pedestal
thresholds are mediated by the PC pathway. The pedestal-D-pedestal thresholds
that are sandwiched between the steady-pedestal and pulsed-pedestal curves (at
small D-pedestal levels) are considered to be mediated by the MC pathway; at
higher D-pedestal levels, the pedestal-D-pedestal thresholds follow the pulsed-
pedestal curves and thresholds are considered to be mediated by the PC path-
way. In this analysis, the slope of the pedestal-D-pedestal curve at small
D-pedestal levels reveals the contrast gain signature of the MC pathway, while
at higher D-pedestal levels it reveals the contrast gain signature of the PC path-
way (the contrast gain signature of the PC pathway can also be assessed from
the pulsed-pedestal curve). The pedestal-D-pedestal data in Fig. 3 were ﬁt with
a MC contrast discrimination template, while the steady- and pulsed-pedestal
data were ﬁt simply with a straight line.
Based on analysis of Pokorny and Smith (Pokorny & Smith, 1997; Smith et al.,
2001), the contrast discrimination thresholds for the pedestal-D-pedestal para-
digm should be mediated by the inferred MC pathway at lower D-pedestal
(DLPed) levels and by the inferred PC pathway at higher D-pedestal levels. Hence
to analyze the data, a MC contrast discrimination template (Eq. (2)) was ﬁt to
data gathered with DLPed from 0.00 to 0.06 log unit and a PC template was ﬁt
to data with DLPed from 0.09 to 0.30 log unit. Both templates were only allowed
to shift vertically by varying the scaling factor k. The ﬁnal ﬁt to each individual
observer’s data was determined by probability summation between the MC and
PC templates with exponent n = 4 (Quick, 1974). For a few glaucoma observers
whose data did not show clear separation of MC and PC pathways, their data
were also ﬁt with the PC template alone and the results were compared with
MC–PC template ﬁts.
The contrast gain signatures of the inferred MC and PC pathways were
estimated using the slopes of linear ﬁts to the pedestal-D-pedestal curves
at lower and high D-pedestal levels, respectively (MC pathway: data points
between 1.68 and 1.74 log pedestal luminance levels in Fig. 3, equivalent
to DLPed from 0.0 to 0.06; PC pathway: data points above 1.74 log pedestal
luminance levels in Fig. 3, equivalent to DLPed levels from 0.09 to 0.30 log
unit). The slopes are referred to as the ‘‘contrast gain signature” to differen-
tiate it from the contrast gain for the contrast response function. The
y-intercept of this line was used as an estimate of contrast sensitivity
threshold, when DLPed = 0.
Fig. 2. The contrast response functions (a) and contrast discrimination functions (b) for MC and PC cells replotted from Pokorny and Smith (1997).
Fig. 3. A complete contrast threshold data set for a young normal observer using
steady-pedestal (circles), pulsed-pedestal (squares) and pedestal-D-pedestal (tri-
angles) paradigms. The data are plotted in a similar format as in Pokorny and Smith
(1997). The x-axis represents the log luminance level of the three identical squares
(=log(30) + 0.2 + DLPed), and is called ‘‘pedestal luminance” as in the other studies.
The y-axis represents the log of LStim at discrimination threshold. Luminances of the
background and the steady-pedestal squares are indicated by the arrows. Note that
the ﬁgure only shows data for increment stimuli. For decrement stimuli, the pulsed-
pedestal data give a V shape almost symmetric around the background adaptation
level, while the steady-pedestal data give a straight line (Pokorny & Smith, 1997).
This ﬁgure conﬁrms that with the slightly modiﬁed stimuli, our results show a
similar pattern as that of Pokorny and Smith.
Fig. 4. The contrast discrimination thresholds as a function of log pedestal incre-
ment (1.68 + DLPed) averaged for the glaucoma group (circles) and the age-similar
control group (squares). The error bars represent one standard error of the mean for
each group. The dotted and dashed lines represent the Pokorny–Smith MC and PC
contrast discrimination template ﬁt to the data by vertical scaling.
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3.1. Contrast discrimination threshold
Fig. 4 shows the average contrast discrimination thresholds for
the glaucoma group (circles) and age-similar control group
(squares). The glaucoma group and the age-similar control group
showed similar mean contrast discrimination thresholds at larger
D-pedestal (DLPed) levels, but for 0.0 and 0.03 DLPed levels (1.68
and 1.71 log cd/m2 for the pedestal luminance) the mean contrast
discrimination thresholds were higher for the glaucoma group by
0.2 log unit and 0.1 log unit, respectively. The mean discrimination
thresholds for the young control group were 0.1 log unit lower
than those for the older control group at all pedestal luminance
levels (data not shown).3.2. Data ﬁts with MC and PC templates
Fig. 5 shows contrast discrimination thresholds from eight indi-
vidual observers, four from the age-similar control group (top row)
and four from the glaucoma group (bottom row), along with the ﬁts
of MC and PC contrast discrimination templates. Solid circles repre-
sent contrast discrimination thresholds, the dotted and dashed
curves representMC and PC template ﬁts, respectively, and the con-
tinuous gray curve represents probability summation between the
MC and PC templates. The four left panels (a, b, e, and f) show results
for two control observers and two glaucoma observerswith the best
templateﬁts, and the four right panels (c, d, g, andh) showresults for
two control observers and two glaucoma observers with the worst
template ﬁts (evaluation based on root-mean-square error).
3.3. Contrast gain signatures for the inferred MC pathways
For data from each observer, a straight line was ﬁt to the data
points between 0.00 and 0.06 DLPed levels, and the contrast gain sig-
Fig. 5. Contrast discrimination thresholds and template ﬁts for four age-similar control observers (top row) and four glaucoma observers (bottom row) with either the best
ﬁts (a, b, e, and f) or the worst ﬁts (c, d, g, and h). Solid circles represent contrast discrimination thresholds. Error bars represent standard deviations. The dotted and dashed
curves represent the MC and PC contrast discrimination templates, respectively; the solid gray curves represent probability summation of the MC and PC templates; the solid
dark lines represent the linear ﬁts for data at DLPed levels between 0 and 0.06.
Fig. 6. Contrast gain signatures vs. contrast thresholds mediated by the inferred MC pathway for age-similar (squares) and young control (triangles) observers (a) and
glaucoma observers (circles, b). Glaucoma observers were grouped based on the severity of visual ﬁeld loss (small dark circles: MD < 5 dB; medium gray circles: 5 d-
B > MD > 10 dB; large gray circles: 10 dB > MD). Ellipses represent the 95% conﬁdence limits for age-similar control observers, the vertical and horizontal lines represent
the one-tailed lower 95% conﬁdence limit for contrast gain signature and one-tailed upper 95% conﬁdence limit for contrast threshold.
H. Sun et al. / Vision Research 48 (2008) 2633–2641 2637nature and contrast thresholdmediatedby the inferredMCpathway
were estimatedbasedon the slopeand the y-axis intercept of the lin-
ear ﬁt. The results for age-similar control group (squares) and young
control group (triangles) are shown in Fig. 6a, and results for glau-
coma group (circles) are shown in Fig. 6b. The glaucoma group was
further divided into three subgroups based on the mean defect
(MD)of the24-2visual ﬁeld,with the small dark circles representing
the subgroup with modest sensitivity loss (MD > 5 dB), medium
gray circles representing the subgroupwith intermediate sensitivity
loss (5 dB > MD > 10 dB), and largegraycircles represent thesub-group with more severe sensitivity loss (10 dB > MD). The ellipse
shows the 95% conﬁdence limits for the age-similar control group.
The horizontal and vertical straight lines represent the one-tailed
lower 95% conﬁdence limit for contrast gain signature and one-
tailed upper 95% conﬁdence limit for contrast threshold for the
age-similar control observers.
For both glaucoma and control groups, the PC template gave
good ﬁts at higher pedestal levels for all observers, while the MC
template gave good ﬁts at lower pedestal levels for some observers
(Fig. 5a, b, e, and f), but not others (Fig. 5c, d, g, and h). In the latter
Fig. 7. (a) Contrast gain signatures vs. contrast thresholds mediated by the inferred PC pathway for glaucoma and control groups. Ellipses represent the 95% conﬁdence limits
for age-similar control observers, the vertical and horizontal lines represent the one-tailed lower 95% conﬁdence limit for contrast gain signature and one-tailed upper 95%
conﬁdence limit for contrast threshold. (b) Contrast gain signatures vs. contrast thresholds mediated by the inferred MC pathway for the glaucoma group replotted from
Fig. 6b. The small dark circles represent glaucoma observers whose data are better ﬁt with the combination of MC–PC template; the large gray circles represent glaucoma
observers whose data are better ﬁt with the PC template alone (lower RMS error), and medium gray circles represent glaucoma observers whose data seemed to be ﬁt better
with PC template only (lower RMS error), but fewer data points actually fell on or close to the PC template compared to the combination of MC–PC template ﬁt.
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contrast thresholds at DLPed = 0.0 and 0.03.
For glaucoma group, the contrast gain signature mediated by
the inferred MC pathway was inversely related to the contrast
threshold, with higher contrast gain signature tending to be asso-
ciated with lower contrast threshold (r = 0.67, p < .0005). This
was also true for the control group (combined young and old,
r = -0.5, p < .012). Compared to the age-similar control group, the
glaucoma group tended to show lower contrast gain signature
(t = 1.65, p < .05) and higher contrast thresholds (t = 1.71, p < .05).
There were 11 out of 27 glaucoma observers (41%) whose data
points fell outside the 95% conﬁdence-limit ellipse for normal.
Ten of them had abnormally low contrast gain signature and six
of them had abnormally high contrast thresholds. However, there
was no clear relation between severity of visual ﬁeld loss (SITA
24-2) and abnormalities in foveal contrast gain signature or con-
trast threshold: in all three groups, some glaucoma observers had
reduced contrast gain signature while others were well within the
normal range. A similar pattern was also obtained when the glau-
coma observers were grouped based on the visual ﬁeld loss at only
the four visual ﬁeld points that were closest to the fovea.
3.4. Contrast gain signatures for the inferred PC pathways
A straight line was ﬁt to the data points between 0.09 and 0.30
DLPed levels in the contrast discrimination function, and the con-
trast gain signature and the contrast threshold mediated by the in-
ferred PC pathway can be estimated based on the slope and the y-
axis intercept of the linear ﬁt. Results are shown in Fig. 7a for glau-
coma (circles) and age-similar control observers (squares). Ellipses
represent the 95% conﬁdence limits for age-similar control observ-
ers, the vertical and horizontal lines represent the one-tailed lower
95% conﬁdence limit for contrast gain signature and one-tailed
upper 95% conﬁdence limit for contrast threshold.
The contrast gain signatures for the inferred PC pathway were
very similar for the glaucoma and the age-similar control groups
(t = 0.05, p > .4): only two observers in the glaucoma group (Nos.
3 and 13 in Table 1) had contrast gain signatures below the 95%
conﬁdence limit for normal. The similarity of contrast gain signa-
tures for the glaucoma and control groups is not surprising sincethe same PC contrast discrimination template, without variation
in gain, gave good ﬁts (DLPed between 0.09 and 0.3) for both glau-
coma and control groups.
Contrast thresholds mediated by the inferred PC pathway were
also similar for the glaucoma and control groups (t = 0.85, p > 0.15).
This was different from the thresholds mediated by the inferred
MC pathway, where the glaucoma group had an elevated mean
contrast threshold both from direct measures of contrast detection
threshold (Fig. 4, pedestal DLPed = 0.0) and from estimation based
on the intercepts of the linear ﬁts (Fig. 6).
The two glaucoma observers with the worst template ﬁts in
Fig. 5 have elevated contrast thresholds at DLPed = 0.0, and the data
between 0.0 and 0.06 DLPed levels were better ﬁt with PC contrast
discrimination template rather than MC contrast discrimination
template. We speculated that this could be explained by a shift
of mechanism mediating detection, from MC to PC pathways.
Hence, the data were re-analyzed and each data set was ﬁt with
PC template alone and the error of ﬁt was compared with that of
combined MC–PC template ﬁts (Fig. 7b). For all observers of the
age-similar control group, the data were ﬁt better using the MC–
PC template rather than the PC template alone (not shown). This
was true for only 15 out of 27 observers from the glaucoma group
(small circles in Fig. 7b); and almost all of them (14 of 15) had esti-
mated contrast gain signature and contrast thresholds for the in-
ferred MC pathway inside the 95% conﬁdence-limit ellipse for
normal. For the remaining 12 whose data were better ﬁt with PC
template alone, 10 fell on or outside the 95% conﬁdence-limit el-
lipse for normal in Fig. 7b. Seven out of these 12 (large circles)
had discrimination functions that were better ﬁt with PC template
only (lower RMS error) and the remaining ﬁve (medium circles)
had data that seemed to be ﬁt better with PC template only (lower
RMS error), but fewer data points actually fell on or close to the PC
template compared to the combination of MC–PC template ﬁt.
3.5. Model simulations
The contrast discrimination thresholds and the contrast gain
signatures mediated by the inferred MC pathway showed clear dif-
ferences between glaucoma and control groups; in contrast, there
was little difference for the contrast thresholds and contrast gain
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groups (Fig. 7). What could this tell us about changes in retinal
ganglion cells?
Anatomical and functional studies in primate retina with in-
duced glaucoma have shown that magnocellular (MC) ganglion
cells show reduction in the thickness and complexity of the den-
dritic arbor before cell death (Weber & Harman, 2005; Weber
et al., 1998). Assuming that reduced synaptic density leads to de-
crease in effective retinal illuminance level, this would predict an
increase in the semi-saturation constant Csat and a decrease in con-
trast gain in Eq. (1) (Graham & Hood, 1992). To test this prediction,
we simulated the effects of variation of (1) maximal response
amplitude Rmax, (2) threshold criterion d, and (3) semi-saturation
constant Csat on the contrast thresholds and contrast gain signature
of the MC pathway (see Eq. (2)). Increase in Csat and decrease in
Rmax can be used to simulate two different types of ganglion cell
dysfunction that affect contrast gain of a cell: decrease in maxi-
mum spike rate (reduced Rmax) and decrease in synaptic input (in-
creased Csat). Increase in threshold criterion d can be used to
simulate effects of ganglion cell death, assuming the remaining
cells would need to have greater increases in ﬁring rate in order
for cortical mechanisms to detect the increment.
Fig. 8 shows three sets of simulated contrast discrimination
functions with reduced maximal response amplitude Rmax, in-
creased threshold criterion d, and increased semi-saturation con-
stant Csat. Increase in semi-saturation constant Csat will increase
contrast threshold (i.e., the y-intercept of the linear ﬁt) and de-
crease contrast gain signature (the slope of the linear ﬁt), while de-
crease in maximal response amplitude Rmax will increase both the
contrast threshold and the contrast gain signature. Increase in
threshold criterion d will increase the contrast threshold, and only
slightly increase the contrast gain signature.
A quantitative analysis of the contrast discrimination thresh-
olds and contrast gain signatures for the model simulation was
performed using a similar method as in psychophysical experi-
ments, i.e., linear ﬁt to the initial slope of each curve to ﬁnd the
y-axis intercept and slope of the linear ﬁt. The result is shown in
Fig. 9 (dotted lines). Increase in semi-saturation constant Csat will
increase contrast threshold and decrease contrast gain signature,
giving a line with a slope near 1.0. This is consistent with the
overall differences between glaucoma and age-similar control
observers. Increase in threshold criterion d increases mainly theFig. 8. A set of contrast discrimination functions with variation in Rmax, Csat, and d. Dec
increase both the detection threshold and contrast discrimination gain, while increase in s
discrimination gain. The number near each curve indicates the value of the parameter tcontrast threshold, and only slightly increases the contrast gain
signature; this is consistent with only one data point. Decrease in
maximal response amplitude Rmax increases both the contrast
threshold and the contrast gain signature, and is not consistent
with any data points. Combinations of increases in Csat and d can
account for all of the glaucoma data that fall outside the normal
range, but increase in Csat alone is sufﬁcient to account for most
of the data points.
To further evaluate the extent to which increase in semi-satura-
tion constant Csat is consistent with data from individual glaucoma
observers, we reﬁt the data from those observers whose parame-
ters fell outside of the 95% conﬁdence-limit ellipse for normal in
Fig. 6b, allowing both the vertical scaling factor k and semi-satura-
tion constant Csat to vary for the MC template. All of the observers
in the glaucoma group required higher Csat than that of the stan-
dard MC template (Csat > 0.13), and the new ﬁts gave lower RMS er-
rors. The glaucoma observer whose Csat was the lowest (Csat = 0.22)
was the one whose data point fell near the model prediction for in-
creased d. Another glaucoma observer required an extremely high
value for Csat (7.40) but the new ﬁt only lowered the RMS error
slightly. When we excluded these two observers, the average Csat
for the other nine glaucoma observers was 0.72, nearly 6-fold high-
er than the value used for the standard MC template (0.13), yet it
was still less than half the value of Csat used for the standard PC
template (1.74). Increase in Csat for these glaucoma observers is
consistent with the ﬁnding that many of the data points falling
outside of the 95% conﬁdence-limit ellipse of normal range are
from datasets that can be better ﬁt with PC template alone than
with a combination of MC and PC templates. Increase in Csat for
the MC template would cause increase in thresholds at D-pedestal
DLPed from 0.0 to 0.06 log unit; since the standard PC template has
a higher Csat and higher contrast discrimination thresholds than
the standard MC template at these D-pedestal levels, thresholds
would move closer to the standard PC template.
For contrast threshold and contrast gain signature mediated by
the inferred MC pathways, there is clear difference between the
glaucoma and control groups: the glaucoma group showed an in-
crease in contrast thresholds and a decrease in contrast gain signa-
tures. The change between the glaucoma and control groups is
mostly consistent with increased semi-saturation constant Csat as
shown by the results of model simulations. However, for contrast
thresholds and contrast gain signatures mediated by the PCrease in maximal response amplitude Rmax or increase in threshold criterion d will
emi-saturation constant Csat will increase detection threshold and decrease contrast
hat is varied (Rmax, Csat, or d).
Fig. 9. Contrast gain signature vs. contrast threshold replotted from Fig. 6b along
with model predictions for three types of variations in MC cell contrast response
functions (dotted lines).
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An increase in contrast threshold combined with a decrease in con-
trast gain signature of the inferred MC pathway are consistent with
the prediction that reduced dendritic complexity of the MC gan-
glion cells (Weber & Harman, 2005; Weber et al., 1998) can lead
to reduced effective retinal illuminance, and hence reduced con-
trast gain signature. We propose that this method can be used as
a tool to assess MC ganglion cell dysfunction in people with
glaucoma.
4. Discussion
Contrast discrimination thresholds were measured for patients
with glaucoma and age-similar control subjects with large and
brief foveal luminance increments (more than 6 times the area
and less than one-seventh the duration of the Goldmann size III
stimulus commonly used in conventional automated static perim-
etry), and contrast gain signatures mediated by the inferred MC
and PC pathways were assessed using a method developed by Pok-
orny and Smith (1997). The contrast sensitivity mediated by the in-
ferred MC pathway was reduced for the glaucoma group both in
terms of group means and in the terms of the number of observers
with abnormally low sensitivity. Reduced contrast gain signature
of the inferred MC pathway accounted for much of the loss in con-
trast sensitivity (r2 > 45%). In contrast, both contrast gain signature
and contrast sensitivity for the inferred PC pathway were little af-
fected for the glaucoma group. Further analysis with modeling sug-
gests that the reduced contrast gain signature is mostly consistent
with increased semi-saturation contrast Csat, rather than reduced
maximal response Rmax or increased threshold criterion d of the
ganglion cell contrast response function. The result supports the
prediction of increased semi-saturation contrast Csat and decreased
contrast gain signature due to MC ganglion cells in glaucomatous
retina having reduced dendritic complexity.
However, we do not suggest that cells in the MC pathway are
selectively damaged in the glaucomatous retina. Indeed, sugges-
tions of possible selective damage to MC (Quigley, Sanchez, Dun-
kelburger, Henaut, & Baginski, 1987) or S-cone pathway (Sample,
Weinreb, & Boynton, 1986) have been challenged (Morgan, 1994;Pearson, Swanson, & Fellman, 2001; Sample et al., 2006). The rea-
son that we did not ﬁnd any difference in contrast discrimination
thresholds and contrast gain signatures of the inferred PC pathway
between glaucoma and control groups may be because, even
though glaucoma may not selectively damage cells of a particular
retinocortical pathway, the depth of defect for visual functions
mediated by each pathway can still differ due to the different ana-
tomical and physiological characteristics of each pathway. For in-
stance, Smith et al. (2001) found very different spatial
summation properties for the MC pathway and PC pathway medi-
ated thresholds, and proposed that this reﬂected differences in
higher cortical processes mediating these thresholds.
McKendrick et al. (2004) tested glaucoma and age-similar con-
trol subjects with the Pokorny–Smith steady-pedestal and pulsed-
pedestal paradigms at both foveal and peripheral locations, and
found that glaucoma group thresholds were signiﬁcantly elevated
compared with control group thresholds foveally and peripherally
on both the pulsed-pedestal (inferred PC pathway) and steady-
pedestal (inferred MC pathway) tasks. In contrast, we found that
contrast gain signatures and contrast thresholds mediated by the
inferred PC pathway were all within the 95% normal conﬁdence el-
lipse for our glaucoma group. This may be due to the difference in
the paradigms between the two studies: we used only increment
stimuli while they used interleaved increment and decrement
stimuli; we used staircases with 4-alternative forced choice while
they used staircases with 2-alternative forced choice; we extended
the D-pedestal duration to 200 ms longer than the test while they
used same duration for the D-pedestal and the test.
We modiﬁed the Smith and Pokorny protocol to produce a more
rapid test, measuring thresholds only for luminance increments
rather than for both luminance increments and decrements. The
D-pedestal luminance (DLPed) added on top of the steady-pedestal
luminance (47.5 cd/m2) was varied from 0.0 to 0.3 log unit and
the luminance of the test square was 170 cd/m2 at maximal avail-
able contrast (some observers reached the maximum pedestal
luminance limit at pedestal level DLPed = 0.2 and 0.3). There are
several other variants of the original Pokorny and Smith protocol
(Kachinsky, Smith, & Pokorny, 2003; Leonova, Pokorny, & Smith,
2003) which could also be developed for studies of different post-
receptoral pathways.
A pulsed probe presented against an adapting background has
long been used to study the dynamics of light adaptation (see re-
view by Graham & Hood, 1992). In the conventional pulsed-probe
paradigm, the detection thresholds were measured as a function of
various stimulus-onset asynchrony (SOA). The Pokorny–Smith
stimuli were, in a way, modiﬁed versions of the pulsed-probe stim-
uli. Both the steady and pulsed pedestal can be considered as a
background which has the same spatial size as the pulsed test
(i.e., the probe): the steady-pedestal stimulus had an inﬁnitely long
SOA between the test and the pedestal, the pulsed-pedestal stimu-
lus had a zero SOA, and the pedestal-D-pedestal stimulus had an
inﬁnitely long SOA between the test and the initial steady pedestal,
but zero SOA between the test and the D-pedestal. Conventional
pulsed-probe paradigms measured detection thresholds, and were
designed to study the dynamics of light adaptation, while the Pok-
orny–Smith paradigms measured contrast discrimination thresh-
olds and were designed to assess contrast thresholds and
contrast gain signatures mediated by different postreceptoral
pathways. The modiﬁcation of the stimulus in this study, longer
pulse durations for the D-pedestal than for the stimulus, makes
the stimulus more similar to the conventional pulsed-probe stim-
uli. However, as mentioned earlier in the results section, the mod-
iﬁcation does not affect of the ability of the paradigm to assess the
different postreceptoral pathways.
We gathered data from young control observers and found that,
at all seven D-pedestal levels, mean thresholds were 0.1 log unit
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glaucoma subjects. Data points for all of the younger subjects fell
within the 95% conﬁdence-limit ellipse for the older group, so
the effect of age was assumed to be low relative to within-subject
variability in the control group. The ﬁnding that the age effect was
similar at all pedestal contrasts would be consistent with loss of
ganglion cells during aging (Pearson, Schmidt, Ly-Schroeder, Swan-
son, 2006), but not with elevation of Csat with aging. A complete
analysis of age effects is beyond the scope of this paper.
For contrast detection tasks, spatial summation data can be
used to estimate the widths of cortical receptive ﬁelds mediating
contrast detection (Pan & Swanson, 2006). Based on spatial sum-
mation data from Smith et al. (2001), if the detection threshold
was determined by probability summation across multiple cortical
mechanisms, each of which was centered at different locations
(Swanson, Felius, & Pan, 2004), the width of the receptive ﬁeld
for the cortical process would be estimated to be on the order of
0.2 deg for contrast detection at DLPed = 0.00–0.06 log unit. As long
as the ganglion cell number and contrast gain remained normal for
a 0.2 deg-wide patch of the retina covered by the stimulus, the
contrast sensitivity would be expected to remain near normal.
Our stimuli were four 1 deg2 squares, so cell death would be ex-
pected to have relatively minor effects on contrast threshold until
a large percentage of ganglion cells had died (Pan, Swanson, & Dul,
2006). The analysis shown in Fig. 9 is also consistent with this anal-
ysis—only one glaucoma observer’s data point was consistent with
the predictions for cell death (increased threshold criterion d) as
the primary cause of threshold elevation. If the study had been
conducted with 0.2 deg2 squares rather than 1 deg2 squares, more
glaucoma observers might have had data points consistent with
the model simulation of cell death.
Weber and Harman (2005) and Weber et al. (1998) carried out
physiological studies on MC cells in glaucomatous retinas. They
compared the MC cells’ dendritic trees and their response proper-
ties in glaucomatous retina and normal retina, and found that in
glaucomatous retinas there is reduction in the thickness and com-
plexity of the dendritic arbor. Such changes may cause reduction of
effective retinal illuminance level, which can result in an increase
in semi-saturation constant Csat. Alterations in glial cells (Neufeld
& Liu, 2003) could also affect contrast gain of ganglion cells. This
result provides support for the hypothesis that ganglion cell dys-
function can affect visual thresholds in patients with glaucoma,
but further work is needed. To better evaluate the theoretical
framework used in this study, it would be useful to know more
about ganglion cell responses to the stimuli used in the Pokorny
and Smith paradigms, particularly in primates with experimental
glaucoma. To assess potential clinical utility, it would be helpful
to evaluate the long-term variability of contrast gain measures in
normal eyes and in patients with glaucoma.
Acknowledgments
Supported by NEI Grant R01EY007716 to W.H.S. and
T35EY00707 to SUNY.
References
Alexander, K. R., Barnes, C. S., Fishman, G. A., Pokorny, J., & Smith, V. C. (2004a).
Contrast sensitivity deﬁcits in inferred magnocellular and parvocellular
pathways in retinitis pigmentosa. Investigative Ophthalmology & Vision Science,
45, 4510–4519.
Alexander, K. R., Barnes, C. S., Fishman, G. A., Pokorny, J., & Smith, V. C. (2004b).
Contrast-processing deﬁcits in melanoma-associated retinopathy. Investigative
Ophthalmology & Vision Science, 45, 305–310.Alexander, K. R., Pokorny, J., Smith, V. C., Fishman, G. A., & Barnes, C. S. (2001).
Contrast discrimination deﬁcits in retinitis pigmentosa are greater for
stimuli that favor the magnocellular pathway. Vision Research, 41(5),
671–683.
Graham, N., & Hood, D. C. (1992). Modeling the dynamics of light adaptation: The
merging of two traditions. Vision Research, 32(7), 1373–1393.
Greve, E. L., Dake, C. L., & Verduin, W. M. (1977). Pre-and post-operative results of
static perimetry in patients with glaucoma simplex. Documenta
Ophthalmologica, 42, 351–355.
Harwerth, R. S., Crawford, M. L. J., Frishman, L. J., Viswanathan, S., Smith, E. L., 3rd, &
Carter-Dawson, L. (2002). Visual ﬁeld defects and neural losses from
experimental glaucoma. Progress in Retinal and Eye Research, 21(1), 91–125.
Kachinsky, E. S., Smith, V. C., & Pokorny, J. (2003). Discrimination and identiﬁcation
of luminance contrast stimuli. Journal of Vision, 3, 599–609.
Kaplan, E., & Shapley, R. M. (1986). The primate retina contains two types of
ganglion cells with high and low contrast sensitivity. Proceedings of the National
Academy of Sciences of the United States of America, 83, 2755–2757.
Katz, L. J., Spaeth, G. L., Cantor, L. B., Poryzees, E. M., & Steinmann, W. C. (1989).
Reversible optic disk cupping and visual ﬁeld improvement in adults with
glaucoma. American Journal of Ophthalmology, 107, 485–492.
Kerrigan-Baumrind, L. A., Quigley, H. A., Pease, M. E., Kerrigan, D. F., & Mitchell, R. S.
(2000). Number of ganglion cells in glaucoma eyes compared with threshold
visual ﬁeld tests in the same persons. Investigative Ophthalmology & Vision
Science, 41(3), 741–748.
Leonova, A., Pokorny, J., & Smith, V. C. (2003). Spatial frequency processing in
inferred PC- and MC-pathways. Vision Research, 43, 2133–2139.
McKendrick, A. M., Badcock, D. R., & Morgan, W. H. (2004). Psychophysical
measurement of neural adaptation abnormalities in magnocellular and
parvocellular pathways in glaucoma. Investigative Ophthalmology & Vision
Science, 45, 1846–1853.
Morgan, J. E. (1994). Selective cell death in glaucoma: Does it really occur? British
Journal of Ophthalmology, 78(11), 875–879. discussion 879–880.
Neufeld, A. H., & Liu, B. (2003). Glaucomatous optic neuropathy: When glia
misbehave. Neuroscientist, 9(6), 485–495.
Pan, F., & Swanson, W. H. (2006). A cortical pooling model of spatial summation for
perimetric stimuli. Journal of Vision, 6(11), 1159–1171.
Pan, F., Swanson, W. H., & Dul, M. W. (2006). Evaluation of a two-stage neural model
of glaucomatous defect: An approach to reduce test–retest variability.
Optometry and Vision Science, 83(7), 499–511.
Pearson, P., Swanson, W. H., & Fellman, R. L. (2001). Chromatic and achromatic
defects in patients with progressing glaucoma. Vision Research, 41(9),
1215–1227.
Pearson, P. M., Schmidt, L. A., Ly-Schroeder, E., & Swanson, W. H. (2006). Ganglion
cell loss and age-related visual loss: A cortical pooling analysis. Optometry and
Visual Science, 83(7), 444–454.
Pokorny, J., & Smith, V. C. (1997). Psychophysical signatures associated with
magnocellular and parvocellular pathway contrast gain. Journal of the Optical
Society of America A, 14(9), 2477–2486.
Quick, R. F. J. (1974). A vector-magnitude model of contrast detection. Kybernetik,
16(2), 65–67.
Quigley, H. A., Sanchez, R. M., Dunkelburger, G. R., Henaut, N. L., & Baginski, T. A.
(1987). Chronic glaucoma selectively damages large optic nerve ﬁbers.
Investigative Ophthalmology & Vision Science, 28, 913–918.
Sample, P. A., Medeiros, F. A., Racette, L., Pascual, J. P., Boden, C., Zangwill, L. M., et al.
(2006). Identifying glaucomatous vision loss with visual-function-speciﬁc
perimetry in the diagnostic innovations in glaucoma study. Investigative
Ophthalmology & Vision Science, 47(8), 3381–3389.
Sample, P. A., Weinreb, R. N., & Boynton, R. M. (1986). Acquired dyschromatopsia in
glaucoma. Survey of Ophthalmology, 31(1), 54–64.
Smith, V. C., Sun, V. C., & Pokorny, J. (2001). Pulse and steady-pedestal contrast
discrimination: Effect of spatial parameters. Vision Research, 41(16), 2079–2088.
Spaeth, G. L. (1985). The effect of change in intraocular pressure on the natural
history of glaucoma: Lowering intraocular pressure in glaucoma can result in
improvement of visual ﬁelds. Transactions of the Ophthalmological Societies of the
United Kingdom, 104(Pt. 3), 256–264.
Swanson, W. H., Felius, J., & Pan, F. (2004). Perimetric defects and ganglion cell
damage: Interpreting linear relations using a two-stage neural model.
Investigative Ophthalmology & Vision Science, 45(2), 466–472.
Tsai, C. S., Shin, D. H., Wan, J. Y., & Zeiter, J. H. (1991). Visual ﬁeld global indices in
patients with reversal of glaucomatous cupping after intraocular pressure
reduction. Ophthalmology, 98, 1412–1419.
Tytla, M. E., Trope, G. E., & Buncic, J. R. (1990). Flicker sensitivity in treated ocular
hypertension. Ophthalmology, 97, 36–43.
Ventura, L. M., & Porciatti, V. (2005). Restoration of retinal ganglion cell function in
early glaucoma after intraocular pressure reduction: A pilot study.
Ophthalmology, 112, 20–27.
Weber, A. J., & Harman, C. D. (2005). Structure–function relations of parasol cells in
the normal and glaucomatous primate retina. Investigative Ophthalmology &
Vision Science, 46, 3197–3207.
Weber, A. J., Kaufman, P. L., & Hubbard, W. C. (1998). Morphology of single ganglion
cells in the glaucomatous primate retina. Investigative Ophthalmology & Vision
Science, 39(12), 2304–2320.
